Magnesium-calcium alloy-based composites reinforced with vapor grown carbon fibers (VGCFs) are supposed to possess satisfactory high-temperature applications. However, poor wettability of magnesium with carbon fiber is a technical problem encountered in fabrication of the composites. In order to cover the wetting problem, wetting behavior of magnesium alloys on graphite sheet, pure nickel, and nickel coated graphite sheet were investigated using sessile drop method. The graphite was non-wetting by both Mg-5Al alloy and Mg-5Al-3Ca alloy with contact angles about 120°. The droplet of magnesium alloys on nickel plate spread rapidly. Contact angle of Mg-5Al-3Ca alloy decreased from about 94°to 43°. Wettability of magnesium alloys on nickel coated graphite sheet was improved through the dissolution of nickel into the liquid magnesium alloy. Calcium addition showed negative effect on contact angle of nickel substrate, and also slightly hindered the spread of magnesium alloy droplet on nickel coated graphite sheet.
Introduction
Magnesium alloys offer a very high specific strength among conventional engineering alloys and possess excellent castability, superior machinability, and good damping capacity. They have gained widespread attention in scientific research and commercial application. 1, 2) In order to cover the deficiencies in mechanical properties of magnesium, especially at elevated temperatures, efforts have been made to develop creep resistant magnesium alloys and magnesium matrix composites are prospecting candidates due to their promising superior properties. Calcium is a promising elemental addition to develop MgAl alloys for hightemperature applications. The Calcium addition encourages the formation of Ca-containing thermally stable intermetallic compounds and suppresses the formation of unstable ¢-Mg 17 Al 12 . Thus, Calcium addition significantly improves the high temperature strength, creep resistance and also oxidation resistances.
36) Carbon fibers possess excellent mechanical, thermal properties and low density. 7) Carbon fiber reinforced magnesium matrix composites can offer significant gains in terms of specific strength and modulus, and also they have the inherent environmental stability of metallic systems. 810) Among various short carbon fibers, vapor-grown carbon fibers (VGCFs) are increasingly used in various composites owing to their excellent properties and low cost.
1113) The magnesium-calcium alloy-based composites reinforced with VGCFs are supposed to possess satisfactory high-temperature properties.
However, poor wettability of magnesium on carbon fiber was a technical problem encountered in making magnesium alloycarbon fiber composites. Shi et al. reported that the contact angle of molten magnesium on porous graphite at 973 K was 74°in magnesium vapor environment. 14) But on graphite surface, the contact angle of molten magnesium was about 125°at 973 K. 15) On basal plane of graphite, the contact angle was 120°at 1189 K. 16) Thus, poor wettability makes it difficult to impregnate the fiber with the molten magnesium, and also results in inadequate bonding between them.
Several methods have been found to overcome the wetting problem. The usual method is forcing liquid metal into the space of fiber/particle by the vacuum or pressure during lowpressure infiltration or squeeze casting methods. 17, 18) Another one is decreasing the critical infiltration pressure between the liquid metal and reinforcements. By control of chemical composition, the wettability of the alloys can be improved. Yoshida et al. reported that the contact angles of aluminum alloys on prismatic plane decreased from 155°at 2.0 mass% Mg to 125°at 2.9 mass% Mg. 19) In addition, the intermediate layer approach is also an effective way to facilitate the wetting. Nickel is known to be wetted with metal. An intermediate layer of nickel on carbon fibers had been considered to facilitate the wetting. Ip et al. found that with nickel coating on graphite sheet, the contact angle of pure aluminum decreased from 140°to 4°. 20) Rams et al. and Ryu et al. fabricated aluminum matrix composites reinforced with nickel coated fibers. 21, 22) Coatings improved the wetting behavior of carbon fibers by molten aluminum because of the formation of a transient AlNi intermetallic compound at the matrixfiber interface, limiting fiber segregation to obtain a homogeneous reinforcement distribution. Nickel coating also reduced the trend to form aluminum carbide.
2123) By incorporating nickel coated graphite particles into molten aluminum, a wear resistant aluminum matrix composite was produced. 24, 25) While the graphite particles provided lubrication against wear, the aluminumnickel intermetallic compound formed improved the strength of the aluminum matrix. However, there have been rarely research studies on the wetting between magnesium alloys and nickel coated carbon fiber.
This study aims to improve the wettability of magnesium alloys with carbon fiber. Since the basal plane of graphite sheet is same with the surface of VGCF, the wetting behavior of Mg-Al alloy and Mg-Al-Ca alloys on graphite sheet was investigated. In particular, the wetting of Mg-Al-Ca alloys on pure nickel was investigated to explain the mechanism of wetting behavior between Mg-Al-Ca alloys and nickel coated graphite sheet.
Experimental Methods
Wettability measurements were conducted by two kinds of magnesium alloys, Mg-5Al and Mg-5Al-3Ca alloys. Magnesium alloys were cast by Permanent Mold (PM) with chemical compositions (mass%) shown in Table 1 . Melting was carried out in an electrical furnace covering with argon gas to prevent molten magnesium from oxidation. High purity magnesium, aluminum and calcium were added in a mild steel crucible as the desired compositions. After the alloying elements were completely dissolved at 973 K, the melt were stirred mechanically for 2 min with a stainless steel rod, and then poured into a mild steel mould which had been preheated to 573 K. The size of ingot was 14 mm © 14 mm © 120 mm.
Microstructures of magnesium alloys were observed by optical microscopy (OM, Nikon Optiphot) and electron probe micro-analyzer (EPMA, JXA-8900RL). Wavelength dispersive spectroscopy (WDS) analysis was performed to reveal the concentration of alloying elements. X-ray diffraction (XRD, M03XHF 22) analysis was carried out to identify the existing phases, and polished samples were exposed to Cu-K¡ radiation ( = 0.15418 nm) with a scanning speed of 1°/min.
Wettability tests were carried out using sessile drop method. Contact angle (ª) made between magnesium alloy and the substrate was used to determine the wettability, according to Young's equation. Contact angle is defined as the angle measured from the substrate surface on the liquid side to the tangent on the drop profile drawn at the triple junction. Good wetting is achieved when the contact angle is less than 90°. Device and process of sessile drop method were described in Ref. 18) . Chamber was evacuated to 1.5 © 10 ¹3 Pa and then heated to 1003 K with Ar + 3 vol% H 2 shielding gas at the rate of 1.67 © 10 ¹5 m 3 /s up to 1.0 © 10 5 Pa. The chamber was evacuated one more time in the middle of the heating process in order to avoid contamination.
Wettability of magnesium alloys was tested on three different kinds of substrate materials, graphite sheet (Gr), nickel (Pure Ni) and nickel coated graphite sheet (Gr-Ni). Surface of graphite sheet had the basal plane of (002) which was confirmed with XRD. Nickel was electrolytic grade with a minimum purity of 99% Ni, and the nickel plate was polished to a mirror finish. Nickel coating on graphite sheet was prepared by vacuum evaporation method with the same quality of nickel described above. Current of the nickel heat source was about 30 A to reach the point where the nickel efficiently evaporates. Graphite sheet was located under the heat source in vacuum, and nickel atoms transferred to the surface of graphite sheet to grow films. With about 0.01 g nickel evaporated, the thickness of nickel coating on graphite sheet was uniform and about 2 µm. Figure 1 shows the microstructures of the Mg-5Al and Mg-5Al-3Ca alloys. Morphology of Mg-5Al alloy was composed of ¡-Mg and irregular ¢-Mg 17 Al 12 intermetallic compound along grain boundaries ( Fig. 1(a) ). In the case of containing calcium to the Mg-5Al alloy ( Fig. 1(b) ), the magnesium alloy exhibited a dendritic microstructure with Ca-containing phase along grain boundaries. WDS mapping images as shown in Fig. 1(c) , show that aluminum existed at the same place of calcium as well as some magnesium. The existence of the (Mg, Al) 2 Ca phase in Mg-Al-Ca alloy have been widely recognized recently. 46, 26, 27) The phase was identified as a new Laves phase with a dihexagonal C36 crystal structure that was different from Mg 2 Ca (C14, hexagonal) and Al 2 Ca (C15, cubic). Amerioun et al. 28) indicated that with increasing Mg content x, the Laves phase structures of compounds CaAl 2¹x Mg x were C15 (0¯x < 0.24), C36 (0.66 < x < 1.07), and C14 (1.51 < x¯2.0). Due to their similarity of crystal structures, it is difficult to distinguish (Mg, Al) 2 Ca phase from Mg 2 Ca and Al 2 Ca phases by X-ray diffraction analysis. Figure 2 shows the results of XRD analysis. Ca-containing phases were contained in Mg-5Al-3Ca alloy, instead of ¢-Mg 17 Al 12 phases in Mg-5Al alloy. Calcium addition caused decreasing of the ¢-Mg 17 Al 12 phase because aluminum atoms were consumed by the formation of Ca-containing phase. Figure 3 shows the droplets of the Mg-5Al and Mg-5Al-3Ca alloys on various substrates during contacting about 10 min at 1003 K. Images of the droplets show that both the oxidation and evaporation problem of the melt encountered in previous study 17, 21) were successfully avoided during 10 min. Figure 3(a) represents the Mg-5Al alloy droplet on graphite sheet. Mg-5Al alloy did not wet the graphite substrate and thus formed a spherical ball on the graphite surface. Geometry of droplet is shown in Fig. 3(a) . Taken the droplet as a sphere, the contact angle (ª) was calculated by
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where h is the height of the droplet, and r is the width of contact interface of the droplet on the substrates. Then the contact angle was verified by the value measured directly by the images. Contact angle between the Mg-5Al alloy and the base plate of Gr was 120°. Uozumi et al. 18) reported that the contact angle between magnesium and graphite was about 120°at 1189 K, and our result reasonably agreed with them. Figure 3(b) shows the Mg-5Al alloy droplet on Gr-Ni. The wetting of Mg-5Al alloy on the nickel coated surface was improved slightly in comparison with that on graphite sheet surface with the contact angle decreasing to 107°. Experiments of magnesium alloys on Pure Ni showed a different behavior, as shown in Fig. 3(c) , (d). Contact angles of both Mg-5Al and Mg-5Al-3Ca alloys decreased rapidly as contact time increasing. Figure 4 shows the contact angle measurements of Mg5Al and Mg-5Al-3Ca alloys on various substrates as a function of holding time. On base plate of Gr, contact angles of Mg-5Al and Mg-5Al-3Ca alloys were similar, with the value of 120°and 119°, respectively. They showed similar tendencies with increasing of holding time. Contact angles remained stable over a period of 10 min. Calcium addition showed little effect on the wetting of magnesium alloys on Gr. Contact angle of Mg-5Al-3Ca alloy on Gr-Ni was about 110°. It also showed some improvement, although it was slightly larger than that of Mg-5Al alloy (107°). Contact angles of magnesium alloys with Gr-Ni showed slightly variation. On Pure Ni, initial contact angles of Mg-5Al and Mg-5Al-3Ca alloys were similar and relatively large in range of 9295°. However, the contact angle of the Mg-5Al alloy stabilized at 30°after about 10 min contact, while that of Mg5Al-3Ca alloy stabilized at 43°. Calcium addition showed negative effect on the wetting of magnesium alloys on Pure Ni. To explore the reasons underlying the differences, the samples after sessile drop test were cut in cross-section for microscopic examination.
Microstructures of the droplets of Mg-5Al and Mg-5Al-3Ca alloys on nickel coated graphite sheet are shown in Fig. 5 . As shown in Fig. 5(a), (b) , the interface between Mg5Al-3Ca alloy droplet and graphite sheet was occupied by Ca-containing phases, while for Mg-5Al alloy the interface was mainly composed of magnesium. However, those intermetallic compounds were not supposed to affect the wetting behavior, since they all had dissolved before contacting. As shown in Fig. 5(c) , there was no nickel observed on the surface of graphite sheet. Nickel coating had dissolved into the droplet, and formed intermetallic compounds. Since the quantity of nickel was low, there was no obvious effect observed on microstructure of the droplet of both alloys.
By means of wetting behavior of magnesium alloys on pure nickel, we can infer what happened on nickel coated graphite sheet. Figure 6 shows the cross-section of the Mg- 5Al alloy droplet on substrate of Pure Ni. Figure 6(a) is the macro metallographic image of the droplet. The white area on the bottom of the micrograph is the nickel substrate. The droplet, occupying the majority of the micrograph, had become a magnesiumnickel alloy. The thickness of nickel diffused into the magnesium alloy droplet was about 0.1 mm after holding for 10 min. The coarser, rod-like compounds was identified to be Mg 2 Ni phase. WDS analysis shows that those Mg-Ni phases both inside of the droplet and on the boundary were Mg 2 Ni, indicated as position 1 and 2 in Fig. 6(d) . Dark grey like position 3, which is the matrix, also contains flake-like Ni-containing phase. These fine precipitates formed during cooling after the test. In addition, there was an interesting phenomenon that the Al-Ni compounds formed a band, as shown in Fig. 6(b) by the arrows. Based on the observed results, the wetting between magnesium alloy and nickel under chemical non-equilibrium condition occurs. Non-equilibrium develops because both the solid and liquid phases are unsaturated with respect to each other. During the non-equilibrium dynamic conditions, an interfacial reaction or diffusion of a component from one bulk phase to the other results in the lowering of the corresponding interfacial tensions. 29) Therefore, when the magnesium alloy is contacted with the nickel, nickel atoms diffuse into the melt of magnesium alloy, and then the melt turns to an Mg-Al-Ni ternary system. Nickel transfer across the interface results in a decrease in the interfacial free energy and the interfacial tension. Thus the contact angle of the droplet on nickel plate decreases continuously until the system reaches a state of chemical equilibrium. According to the magnesium-nickel phase diagram, at 1003 K, nickel becomes saturated in magnesium when the dissolved concentration of nickel rises to about 24 at%. When nickel saturation occurs, the interfacial tension gradually increases toward their static values. Then, spreading of the droplet stops, while Mg 2 Ni intermetallic compound begins to form. In addition, AlNi phase forms at first at 1003 K according to Mg-Al-Ni ternary phase diagram. But the reason to form a band should be studied more in the future.
Microstructure of the Mg-5Al-3Ca alloy droplet on Pure Ni was similar to that of Mg-5Al alloy, as shown in Fig. 7 . Coarser Mg 2 Ni compounds were major components. WDS quantitative analysis of position 2 in Fig. 7(b) shows that calcium elements mainly distributed in the matrix of the droplet, and fine Ca-containing precipitates were possibly formed. Calcium addition showed little effect on the initial contact angle of magnesium alloy on Pure Ni, while it showed a negative effect after contacting for several minutes. Initial contact angle can be considered as a non-reactive wetting. The interfacial areas for the system are associated only with the interfacial tension. It seems that calcium addition has little influence on the non-reactive wetting of magnesium alloys on Pure Ni. During contacting, existence of calcium may hinder the diffusion rate of nickel, and also reduce the solubility of nickel in magnesium alloy. Thus, the calcium addition shows negative effects on the wetting of magnesium alloy on Pure Ni. Calcium addition also hinders the spread of magnesium alloy droplet on Gr-Ni. The contact angle of Mg-5Al alloy on Gr-Ni increased from 107°to 110°f or 3 mass% Calcium additions.
Since initial contact angle is in the case of non-reactive wetting, the contact angle of magnesium alloy on Gr-Ni should have been, at least, equal to the initial contact angle on Pure Ni. But contact angle of Mg-5Al alloy on Gr-Ni (107°) was much larger than that on Pure Ni (30°), even larger than the initial contact angle on Pure Ni (about 94°). In consideration of the transient reaction between the droplet and nickel, there are two possibilities to explain this question. One is that the nickel coating diffuses rapidly into the droplet, thus the wetting of Mg-5Al alloy and Gr-Ni turns to that of Mg-Al-Ni alloy and Gr. The other one is that the measured 94°is the contact angle of Mg-Ni alloy on Pure Ni, and in this case, the actual contact angle at initial contact between Mg-5Al alloy and Pure Ni should be larger than 94°. angle of about 120°. The droplet of magnesium alloy on Pure Ni spread rapidly. Improvement of wettability of magnesium alloy on Gr-Ni was achieved through the dissolution of nickel into the liquid magnesium alloy at the interface between droplet and substrate. (3) Mechanism for the wetting behavior between liquid magnesium alloys and solid nickel at 1003 K was proposed. Nickel dissolved into magnesium alloy during contacting. Spreading of the droplet stopped when nickel saturation occurred and Mg 2 Ni intermetallic compound began to form. (4) Calcium addition had no effect on the wetting of magnesium alloy on Gr, while it showed negative effect on the Pure Ni, and also slightly hindered the spread of magnesium alloy droplet on Gr-Ni.
Conclusions

